I. INTRODUCTION
ue to environment concerns, energy demand, and highlevel renewable penetration targets, wind power generation has been experiencing a rapid and strong development trend worldwide in recent decades. Worldwide wind power capacity quickly expanded in recent decades, it reached almost 360 GW by the end of 2014, obtaining nearly 29.5% growth. Wind energy production accounts for nearly 4% of the total worldwide electrical power consumption, and wind power market penetration is expected to reach 7.28% by 2018 [1] [2] .
With this rise, there is significant concern about the impact of unbalanced voltage on wind turbine generators (WTGs). Unbalanced voltage can be caused by unbalanced transmission line impedances and unbalanced loading conditions. Its impacts on WTGs include uneven heating of the generator windings because of the unbalanced output currents, excessive mechanical stresses (in the gearbox) due to torque pulsation, and increased energy losses [3] [4] .
Impacts of unbalanced-voltage operation on WTGs have been studied in the literature. In [4] , problems caused by unbalanced voltage are explored through steady-state, dynamic calculations and laboratory experiments. In [5] , short-circuit behaviors of different types of wind turbines are studied under the conditions of both symmetrical and unsymmetrical faults. To address the above concerns, traditional dynamic voltage restorer (DVR) is implemented as an external power electronic device to compensate the voltage unbalance. In [6] , a novel DVR is proposed to enhance the fault ride-through (FRT) capability of the doubly-fed induction generator (DFIG) under fault conditions as well as conditions of balanced and unbalanced voltage dips. In [7] , another DVR is presented to allow uninterruptible FRT operation of DFIGs under grid voltage faults. In [8] , a new connection structure of DVR is presented with a rampfunction voltage compensation to limit the changing rate of the grid voltage and allow a relatively small rating of DVR.
In this paper, average models of Type 1 WTGs (squirrelcage induction generators, or SCIGs) and Type 3 WTGs (DFIGs) are developed and integrated with the National Renewable Energy Laboratory's (NREL) Fatigue, Aerodynamics, Structures, and Turbulence (FAST) model in MATLAB/Simulink to investigate the dynamic aerodynamics, mechanics, and electromechanical characteristics of representative fixed-speed and variable-speed WTGs under normal and unbalanced-voltage conditions. To alleviate the impacts of unbalanced voltage, a simple serially-connected voltage compensator is designed and implemented at the point of interconnection of the wind turbine to mitigate the unbalanced line voltage. The compensator identifies the synchronous components of the unbalanced line voltage and balances the output voltage by subtracting the undesired components from the input voltage [9] .
II. TYPE 1 AND TYPE 3 WTGS
The basic configurations of a Type 1 and Type 3 WTG are depicted in Fig. 1 . To facilitate the comparison, both models used in this study have identical aerodynamic characteristics and mechanical components represented by FAST that are capable of showing both the extreme and fatigue loads of three-bladed, horizontal-axis wind turbines [10] [11] [12] .
In a Type 1 integrated FAST-SCIG WTG, a squirrel-cage induction machine is capable of generating active power when it is operating in the super-synchronous speed region [13] . The normal operation range for rotor slip is between 0% and -1% [14] , and therefore the generator speed varies within 1% of the synchronous speed under all wind conditions. A three-phase capacitor bank for reactive power compensation is required for the purpose of excitation and power factor correction by the induction machine [13] [14] . A Type 3 integrated FAST-DFIG WTG consists of a pitch angle controller, wound rotor induction machine, and back-toback converter with a DC-link capacitor. The rotor speed of a DFIG WTG can vary throughout a range of 30% of the synchronous speed by means of controlling the rotor current with a partially-rated power converter, which is typically sized at 30% of the rated generator capacity [15] . The generator stator is connected directly to the electrical grid through a step-up transformer, whereas the rotor is interfaced indirectly to the gird via the abovementioned converter [13] [14] [15] .
To improve simulation speed and the reliability of the simulation results, an average model of a current-controlled voltage source converter is utilized instead of a pulse width modulation switching model. The rotor-side power converter control can achieve maximum power point tracking control and the unit power factor operation of the WTG. The pitch angle control is implemented with a PI controller to protect the WTG from fatal overspeeding in any cases. 
III. DESIGN OF SERIALLY-CONNECTED COMPENSATOR
In this section, a serially-connected compensator is proposed for conditioning a three-phase power line. Within a limited range, this is able to compensate for an unbalanced line so that the WTG-side voltage is balanced. The compensator can also adjust the line voltage (i.e., the positive sequence component). The range of adjustment depends on the power rating of the compensator, which would normally be at only a fraction of the power rating of the WTG.
The compensator is connected to the grid and the WTG through three-phase transformers, as shown in Fig.2 . 
A. Symmetrical Components
A general three-phase voltage can be represented in a phasor form as 1 2 , ,
It is well known [16] [17] that an arbitrary three-phase voltage can be decomposed into three symmetrical components: positive sequence component (v 1 ), negative sequence component (v 2 ), and zero sequence component (v 0 ) by the transformation in (2). 
B. Negative Sequence Component Calculation and Removal
Time domain expressions of two-phase equivalent representation of the positive and negative sequence components are shown in (3) and (4).
where, V P (t) is a two-dimensional vector rotating counterclockwise, and V N (t) is a two-dimensional vector rotating clockwise. Any three-phase voltage without a zerosequence component can be represented in the form of (5). 
The voltage vector in (5) can be transformed into a rotating reference frame that rotates in the opposite direction of that of the positive sequence, as shown in (6). 
With respect to this rotating reference frame, the negative sequence component corresponds to a constant vector and the positive sequence component corresponds to a vector rotating at twice the synchronous frequency. This observation suggests the method shown in Fig. 3 for calculating the negative sequence component in a three-phase voltage. In Fig. 3, T 23 is the three-phase to two-phase conversion matrix, R(-t) is the matrix transforming the two-phase voltage coordinate system into the rotating reference frame, and "DC comp." is a block that extracts the DC component from the coordinate system of the voltage vector expressed in the synchronous reference frame.
The DC component calculation can be done with a simple low-pass filter with a bandwidth less than twice of the synchronous frequency, or one can use a real-time fast Fourier transform (FFT) function to perform this task.
The variables V nd and V nq in Fig. 3 represent the negative sequence component. If the exact phase angle of the input voltage is used in the rotating reference frame transformation, 
Note that the zero sequence component is lost in this transformation. This is to be expected, because the zero sequence component is undetectable without the neutral reference.
Once the negative sequence component is determined, its three-phase voltage can be produced by using (9) . The upper dashed box in Fig. 4 is the negative sequence compensation block of the proposed compensator. 
C. Zero Sequence Component Calculation and Removal
As shown in (2), the zero sequence component can be determined by adding three-phase voltages, as in (10).
The removal of the zero sequence component can be accomplished by simply subtracting the value given by (10) from all three-phase voltages, as shown in the lower dashed box in Fig. 4 .
Any equipment without a neutral or ground connection has infinite impedance to the zero sequence component. In these applications, a zero sequence component voltage does not affect the equipment's operation, and therefore it is not necessary to remove it in such situation.
IV. SIMULATION RESULTS
The impact of the unbalanced three-phase voltage on the WTG's dynamic performance is studied by digital simulation based on the WindPACT 1.5-MW Baseline Turbine FAST model-one for the Type 1 SCIG and the other for the Type 3 DFIG. Both generators have the same capacity of 1.67 MVA (power factor of 0.9). In both models, the WTG is connected to the infinite power grid through a step-up transformer and a transmission line, as shown in Fig. 5 . This representation is regarded as adequate for positive-sequence transient stability analysis of WTGs [5] .
Starting from the initial stage at time t = 0 s, both WTGs reach the steady-state condition at 40 s at a wind speed (V w ) of 10 m/s, below the rated wind speed of 10.837 m/s. So, pitch angle control remains inactive. For the Type 1, the generator rotor speed r = 1.004 p.u, output active power P = 1.14 MW, and output reactive power Q = -0.83 MVar. For the Type 3, the generator rotor speed ω r = 1.107 p.u, output active power P = 1.18 MW, and output reactive power Q = 0 MVar. 45-50 s-To adjust the positive sequence component, it is compared to a desired level and the difference is added to restore the voltage toward the three-phase balanced condition.
Note that all actions are ramped up in 0.1 s, except the last, which is ramped up gradually from 45 s to 45.5 s to avoid exciting the generator torque transient. Meanwhile, the small unbalanced voltage resulted in a large negative sequence component of the current due to the low negative sequence impedance of the induction generator. Accordingly, noticeable disturbances on mechanical stresses occur to both the blade and tower base during the unbalancedvoltage process from 40s to 43s.
At t = 43 s, once the negative sequence component of the three-phase unbalanced voltage is removed, the oscillations in the electrical and mechanical variables are obviously damped, because the negative sequence current that causes the unbalanced voltage is eliminated. In fact, the removal of the zero sequence component has no effect on the machine, because the machine has infinite impedance to the zero sequence component voltage. In addition, the high-voltageside winding of the pad-mounted transformer is in the delta configuration, so no zero sequence current can flow between the grid and the WTG when unbalanced faults happen on the high-voltage side. As shown in Fig.7 , the torsional oscillation in the Type 3 model can be observed in the slight fluctuations of the generator rotor speed, mechanical torque, and the DC-link voltage due to large system inertial response. Thanks to robust and fast power converter control, the Type 3 exhibits more desirable performance in reducing the oscillation magnitude in the output power and electromagnetic torque compared to the Type 1 turbine. In particular, the sudden increased q component of the negative sequence current of the Type 3 WTG (0.12 p.u.) appears much smaller than that of the Type 1 in Case 1(0.32 p.u.). These observations suggest that the DFIG WTG is less likely impacted in the same unbalanced voltage situation. Moreover, the larger oscillation in the mechanical torque potentially can lead to more damage to the shaft and drivetrain system during the useful life of a Type 1 wind turbine Similarly, the oscillations in the electrical and mechanical variables are eliminated when the negative sequence component of the three-phase unbalanced voltage is removed at 43 s. The serially-connected compensator can isolate the DFIG-WTG from the grid, which allows the generator to operate independently and keep providing the required active and reactive power under the unbalanced grid fault.
Overall, simulation results clearly show that the proposed method of correcting unbalanced voltage is able to eliminate the transient response of various types of WTGs during unbalanced voltage operation, which is very beneficial to the stable operation and longevity of WTGs.
V. CONCLUSIONS
In this paper, the impacts of unbalanced voltage on both the integrated FAST-SCIG and FAST-DFIG WTG models are investigated through MATLAB/Simulink simulations. Simulation results demonstrate that both types of WTGs exhibit significant electrical and mechanical oscillations under the unbalanced-voltage condition. The results also show that the DFIG WTG can mitigate this oscillation condition better than the SCIG WTG because of its decoupling power converter control capability.
To alleviate the impact of unbalanced voltage, a seriallyconnected compensator is utilized to remove the negative sequence component of the unbalanced input voltage, which is the main cause of negative effects on the WTGs. As expected, removing the zero sequence component and regulating the positive sequence component has no significant effect on the imbalance of the generator current.
Extension of this work is under way to investigate implementation at the substation level.
